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POLARIZATION CHARACTERISTICS OF RADAR ECHOES

-
<

INTRODUCTION N

Much can be learned about electromagnetic scattering from the polariza-
tion properties of radar echoes. This report derives information on scatter-
ing by comparing data for various polarizations obtained at the Royal Radar
Establishment (RRE), Great Malvern, Wiltshire, with data obtained elsewherc.
To accomplish this, equations are developed that express scattering for trans-
mitting circular polariza<ion and receiving circular or linear polarizations
in terms of scattering for transmitting linear and receiving linear polariza- i
tions.

N e o m e —v————

The RRE data were obtained some years ago under a program directed by
Mr. I.M. Hunter, who is now engaged in air traffic control activities with the
Ministry of Aviation Headquarters., His current office address is: The
Adeiphi, John Adam Street, London, WC 2. I have had several delightful and
profitable discussions with Hunter as a result of this investigation.

The RRE results were presented in References 1 and 2, which are,
regpectively:

1. M. Gent, I.M. Hunter, and N.P. Robinson, “"Polarisation of
Radar Echoes, Including Aircraft, Precipitation and Terrain,"
Proc. IFES 110, 12, p 2139, 1963

2. I.M. Hunter and T.B.A, Sexior, FExperimental Studies of Sea-
Surface Effects on Low-Angle Rudars,” #roc, IEEE 113, 11,
p 1731, 1966

. n A ¢ - mmoa—
»

1 These papers contain significant radar data for transmitting circular
{linear was sometimes transmitted) polarization measured with instrumentation Cg
for which great care was taken to assure that high accuracy was acquired in .
the relative magnitudes of variously polarized echoes. Let 0, denote the Lo
! radar cross section for transmitting pslarization A and recei&ng polariza~ '
: tion B. To describe the data, R, L, H and V are used to denote right circular, p
left circular, horizontal and vertical polarizations. The snecific observa- i ' #
tions made by Hunter, et al,,considered in this report are as follows: E

1. For 211 available conditions cf s2as at near-grazing incidence, ,
averages of ORR ando-'RL were nearly equal. 3

(relative megnitudes given as ¥ 0.5 dB), It t the ratio of
the averages O,/ o7y depends on sea state and azimuth, but that oy ;
nearly always exce O'RR' ' L

5 3
2. For seas at near-grazing incidence, o4, and 0., were investigated v
“ w§§ fmmd%a .
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3. For seas at near-grazing incidence, average o, sumetimes exceeds
average d’R by as much as 1 dB. When this happens, it occurs only if the
antenna points crosswind, in general along the troughs in the waves.

4, For trees it was not possible ¢o detect any differencz between
& gy and 0,,,, but a'RR was less than rRL by about 1% dB on the avcrage.

§., For airplanes measured, ¢, and Ohg, ares on the average, equal
within an accuracy of 2 dB or better. Under the conditions iavestigated,
o yy ¥as approximately 10 dB less than W

Radar astronomers use circular polarization, as distinct frwa linear,
to eliminate undesirable effects of ionospheric Faraday rotatiom. In order
to acquire more insight into surface roughness, both circularly-uolarized
echo components are sometimes studied. Although circular pelarir=tion is
comnonly used, in civil and military applications, to reduce eche from rain,
the amount of "earth-bound" circular-polarization data is conside:ubly less
than that for linear polarizations. It is usually assumed that if o, is
much less than o, , the backscattering surface is smooth compared o a wave-
length. This isnkot so. Hunter, et al., found that the circularly-polarized
echoes were nearly equal for trees, seas at near-gra.z%ng incidencs, and air-
planes. Also discussed are previously published data” for a moderately heavy
sea, ncrmal incidence, and a transmitter wavelength of 1.2 cm. For these
conditions, &5,, is mich less than oy,,. Therefore, for earth~bound sarfaces
the condition “RR auch less than SRL does not preclude rough surfizces.

THEORY FOR TRANSMITTING AND RECEIVING CIRCULAR POLARIZATIONS

In general, the polarization of ar electromagnetic wave can be character-
ized by a vector. This vector consists of two orthogonal components which can
be linear, circuiar, or ellipticai. The change in pelarizetion due to reflection
from a target can be considered as a change sthe components ¢f the vector
representing the wave falling on the target.” ~ The new components are obtained
by multiplying the incident wave vector by a matrix representing the targot
properties. In the case of a linear reference system, ths relationship,
suppressing range dependence, between the incident and reflected vectors aund
the trangforming matrix may be given as foliows:

r
Ex &y ayx Ex

(2}

g
\axy vl \'y

B
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Similarly, for the circulsv reference system:

r /¢

Ey 1 %a\ [ K
= . (2)

t

E, “12 a2/ \E

2
regpectively, of the electric vector lying in the plane perpendicular to

the direction of propagation, and the superscripts t and r indicated trans-
mitted and received components, FElements aij and c5 j are in general complex
(phase factors). The first subscript designates transmitted polarization and
the second designates received pelarization. For most cases, the square
matrices are symmetric, i.e., 35 = dy4 and S5 = %54 (this may be visualized
by interchanging the transmitting and receiving roles). For the derivations .
that follow, it is assumed that a..j = aji and ci‘d = cji'

The matrix coefficients cij can be expressed in terms of the z ij if the
trangmitted and received circularly-polarized waves are expresszed in terms
of the respecuve linearly-polarized waves. From Eq. 2, focr the conditions
E]E and lL‘2 separately equaling zero, the °ij can be obtained in terms of El’

2, El’ and E For the equations that follow, F‘l ia defined as the
c:.rcularly-poiarized electric field that exists i Ey jE (for this case

Ez is zero), and BZ is defmed as the circulax- y-polarized electric field

Ex and E ! and El and E, are ortuogonal linear and circular components,

: t
that exists if Ey = -JE (for this case El is zero); IEl! 'Ezl are

equal to /— 'E l Frem reciprocity, a bilateral antenna receives the
same polarization that it radiates. Therefore, upon reception the antenna
outputs are proportional to

T Ir r
E- + 3K EX -iE
gE=x 7 and Ep= X __7 .
' /Z VZ

E; and E; (for BI and 's; each equaling zero) can be chtained from
Eq. 1. One finally sees that
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a, - 4
el = xx2 AL LN
&n-f-ayyl
|1} = 1 (3)
3
and ! e iy |
!CQZi T 'Ja':vl )

The x and y dir&ctions applicable ¢o Eqs. 3 are arbitrary. To discuss
data for horizontal and vertical polarizations (denoted later by H and V), assume
that the x and y directians point to the right and upward, respectively, Then,
the definitions of E; and E; result in directions 1 and 2 being left circular
and right circular, respectively. For most purposes, circalarly polarized echoecs
ar¢ described simply as "hame" and "opposite"; this means that the echo is
rotating in either the same or opposite direction as is the transmitted wave.

INTERPRETATION OF CIRCULAR-CIBCULagt DATA

As previously stated, the a's and c's are complex -quantities that are
proportional to the electric fields. To equate the various radar cross sections
(proportional to electric field squared), care must be taken to account for phase
appropriately. Considered below are three limiting cases for radar cross section,

o .
For a perfectly conducting surface having radii of curvature large compared
with a wavelength, one would expect that a__ is equal to a This means that

at all times the phase and amplitude changﬁxupon reflectiexyis the same for both
polarizations. Then, Egs. 3 would indicate that

0"11=0‘ = g

22 xy
and (4)
o, = =
12° O‘yy *

One expects that ¢ would be small for a large, smooth scatterer. Edges
might produce saneqepolarized echo — surfaces witn radii small compared to
a wavelength, such as sharp edgzes, are expected to be the major contributors to

Oxy
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Equations 4 are not, in general, valid for dielectric surfaces or
poorly conducting surfaces because the reflection coefficient (magnitude
and phase) for the air-surface inter{iu;e will depend upon polarization apd
aspect angle. However, the cemplex. reflection coefficients for the two.
linear polarizations (parallel and normal to incidence plane) at an air-
water intarface are, for angles near normal incidence, nearly equal and
slowly varying functions of incidence angle, Wiltse, et al. ,6 reportpci
results obtained at 24 GHz for o;m, vy OV and © for receiving right-
and left-circular polarizations when transmitting circular polarization
(a':Lz and &y, Or 652)‘ The data, which were for a moderately heavy sea,
indicated that %39 fornxmal incidence was approximately equal to vy and
rHH’ anda‘lz was about 10 dB greater than 6"11. These are highly interest-
ing data because, in combination with Eqs. 3 and 4, they indicate that ayy
and ag, tend to be equal on an instantaneous basis (but not necessarily
always equal). Thus, the polarization data strongly suggest that at normal
incidence sea echo, even for a moderately heavy sea, is caused primarily hy
specular reflection, '

For vegetation and for rough seas at grazing incidence, relative
magnitudes and phases of a x? an,, and -3 xy will depend upon the positions
and orientations of the scatterers (leaves, twigs, ripples, and waves);
therefore, it is expected that a ! a‘yy’ and a vy would be statistically
indepandent. Then Eqs. 3 indicate, on the average, that

-

03] S0 = &3 t ZP +d"v

4

and (5)
o, Toxx + oyy .
12 y) %

For scatterers of this type o3 would, depending upon the magnitude of

Ty’ exceed 77 ,.

Reported data7 for vegetation indicate that ou the avei'age d'm and
"y are about equal, and the ratics o"m-/ Ty ad d"w/ oy are 3-10fiB A1l
elenents of foliage 4o not depolarigze; therefore, bescause of different ‘
positions and orientations of the scattercrs, the oy of individual scatterers
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are expected to be independent of the corresponding a o a0d 2. However, a_
and a vy T4Y be equal for some surfaces (tree trunks, for example); therefore,
Eqs. §' are not completely valid for vegetation. The fact that substantial echo
power for which a is equal to a.n', (gml;‘)iit&&é and phase) is con.f%med by circular
polarigation dats given by Jent, et al.” They found that for trees Oqg Wos less
tlwxa’n by about 14 dB on the average. The reader may wish to review Eqs. 3 and
recall that ’ ‘

o= Ll
o2 [ o

For rough seas the depolarized echo might be 5 dB less than a’m or O’W;
for calm seas a'wzmy be 10 dB gresater than b"’m and 15 dB greater than o‘m.e‘
Hunter and Serior™ reported relative values for the averages of O‘RR and CRL for
depression angles between 0.3° 2ud 3°, ' The ratio of these averages, fRR/ L
was between +1 and -2 dB for all available sea states and wind conditions (the
experimental error was given as '-"-% dB). For high seas the mean values of RR
and ru were found to be about equai, but instantaneous values were not. Thus,
Egs. 5 appear to be valid for high sea states and small depression angles; and
& ayy and axy are then, in essence, statistically in@ependent. For low sea
states T8R and Opz, Yere reported to be equal on an instantaneous basis; this
is consistent with the linear polarization data and Egs. 3. ]

Apparently some aircraft, on the avérage, also satisfy Eqs. 5. Gent, et al.,l
reported that at X-band 0"11 and -6_12 are equal within an accuracy of 2 dB or
better. For these measurements O-VH was approximately 10 dB less than d’w. Since
the depolarizaticn is small, this measurement indicates that By and ayy ars not
equal on an instantanecus basis, but that the average values of O'HH and U'W are
nearly equal.

Few actual surfaces are so smooth and symmetrical that a x is expected to
be equal to a‘yy over all angles. For example, in studies of backscatter:;ng of
vertical and horigental polarizations from {lat rectangular plates, Ross~ found
that d'w and JHH are approximately egual for near-specular angles, but for near-
grazing incidence, a’w is much greater than oy It is well known thato . is

\'AJ
alsc greater than d'm for a calm or moderate sea at near-grazing incidence. If

*
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is much greater than L. and a 7’ Egs. 3 indicate that
T %% T %1 “"'yy/“ ° &)

vy

For this case the various cross secticms for circular polarization would
be equal and 6 dB less than ¢

| R TRANS - ECETVING LINEAR POLARIZATIONS
Equat:x.cn 1 can be used to o’atain the received Linearly polarized
components when the transmitted polarizatiom is circular. Let Ey = jEx,
then it is seen that

E; = (a + 3av)s:
(1)

r_ . t

Ey = (av + 3e‘yy)sx

If the cpposite circularity were transmitted QE;:, = -jE:), the equations
for the fields corresponding to those above would be obtained by replacing
jby =3 in Ey. 1.

Rader crosgs section @& for any combination of transmitted and received
polarizations can be expressed in terms of the a's. For example, since
O is proportional to the square of the ratio of the received to the trans-
mitted electric fields, it may be seen that

Oxx = K E;. '2 anl 2
Eﬁ |2
) {(8)
O1x =K E:lz lan+ja&!
E{ ‘2 2

wherz K is a multiplicative comgtant determined by over-all system
parameters.
The x and y directions applicable to Zg. 1 are arbitrary. To
discuss data for horizontal and vertical polarizutions (denoted by H and V),
assume that the x and y directions point to the right and upward, respectively.
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Thea, the definitions of E. and E remilt in directions 1 and 2 being,
respectively, left circular and right circular (dencted by L and K). There-
fare, redir croas ssction for transmitting circular and receiving horizontal
and vertical pdlarizations can be expressed as fcollews:

Cm=X

[

Ty =K

oy 5 Sy |

L'zt s

% s Sy |
2
| - S |

2

{9}

Py - gy
2

.,
K jagg|” = € a

K Jagy|?

= a’_W,and

K Jaggl® =k o= oy = oy -

In genersl, none of the & '3 arc equal on an instentanzous basis because
the phase and saplitude of each of the a's is & fluctuating function of time.

IRTERFRETATION Of CIRCULAR-LINEAR DATA
The fecets of & sea surface that are ccmpacable in szize to a wavelength

or larger are not expected to depolarize ('VB and oo nezidigible}, but would
in general countridbute to am and Ay The cantributions_to Sy and R for
such acndepolarizing scutterera mky or may not be eqnal.“’ Asyrmetric
acatterers, such as »ipples, that have dimensicas small compared with a wave-
length, are sxpected to depolarize. Ripples wiil, of course, alsc produce
contributions to 2y and e .Since relstive magnitudos and phases of the

e —me e —
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a's for a given illuminated patch of sea will depend on the pcsitions
and orientations of the various scatterers (ripplas and waves), &y

(or ‘V}l) will be statistically independent of a, and a ..

For computing average values, certain simplifications cau te made
for targets for which the ats are statistically independent. Let a Lar
denota 2 time average. Then from Eq. 9, average cross secticn for sea
echo may be oxpressed as

-t - P ed 'b —-—
O = Opy =T HH " OHY, and
I RH )
_ (10)
- 4 +a .
Twm= opy T —H—H

Hunter and Senior give resulta obtained at X-band for trensmitting
tight-circular and receivirg H and V polarizations. They reported that,
for & limited series of measurements, the ratioc O'vaé”m wvas found for
precticel purposes to be equivslent to E‘W/ &y Thereaiter, compre-
hensive measurements were made using a circularly-polarized transmizsion,
wbich permittad simultansous (o’"Rv and Z"’m), as opposed to sequential
(?w and é”m), measurements. The importance of a simultaneous deter—
mination of &y and 0" g cannot be overemphasized. For example, rader
cross section of sea echo has been observed tc incresae by as mich &s
10 dB n a coe-minute interval.’

As may be seen from Eq. 10, &Rvjé"m is.not, in principis, squal
to &/ & n; the difference may or may not be negligitle, depending on
relative magnitude of a'm, o w and o uv’ However.

Fyy=Cmit Oy~

5]

R
Fw)y Fmif Tgy) Gpa ad 1)
Cwl Tmi Ty (T "

Therefore, the technique of measuring the r-zic & v/c" is a2 valid
means for determining whether & is -~ - man, equal to, or greater
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Relative magnitudas of F’,ﬁ, ‘W’ and 5: dopend on many factors
incivding ser couditions and transmitter mnluz;ﬂl Results at 6.3-CHs
and 35 OHs fer small depression anglez axe given elunhere.s Progressing
in the dirgction of calm to rough ss& conditions, a‘w and 533 at 6.3 Gz

-thdfmbyndhmdsdn,mdnmdsds,andeBforboﬁz,

respectively. From Egs. 10, 518 and é.-RB will be raised by 1 dB or 0.4
G2 by contributions from @ gy that are, respectively, € dB or 10 dB less
than & .. The s at 35 GHz are more nearly equal to oue another than at
6.3 GHz. Therefore, at X-band it is expected that & vJ‘" would usually
differ frou: é’"'w/? by less than 1 dB. The 6~dB figure was purposely
sclected z0 that estimates of errors would be comservative. A more typical
value, but it deperds on sea atate and azimuth, would be 9 GB instead of
6 dB. This means thuat, on the average, the errors will be smaller thsn
indicated above.

Hunter and Senior give results on the dependence of o’ usd ’PB’
for small depreasion smgles, on aximuth. For these neuurenents, over-all
accuracy for relative nagnitudes was given as ¥ 0.5 dB. They found that
the ratio 5'“/ & pg deperds on gez state and azimuth, but that 6"“
uearly slways exceeds & gye An exception to this was for a medium sea
state wien looking crosawind (in general, aloag the troughs in the waves).
In this case it as found that & .. may be slightly larger (1 dB according
to an idealized curve given) than &RV' In view of Eqs. 11, it would
appear that ?% exceeds o v under those conditions. Further, the ratios

Favl & g W G g/ T gy are necessarily very nearly equal if & ./ &y

is cloae to unity.

COMMENTS
Under sex conditiens for which o‘m exceeded a"m, a8 more or less

typical ratio was 1 dB, but from personal discussions with Hunter it appears
that on occasion O rE =Y have exceeded ¢ RV by nearly 2 dB. The sea
conditiors under which G'RB exceeds O Ry & of importance because this
is not edmissadle under the classical interference theory. However, there
is no doubt that the average of o'RK will, on occasion, be greater than the
average O RV for croaswind conditions; this necessarily implies that the
average ¢ ., will, on occasiom, exceed the average a’w-

*»;.WW
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A type-setting error exists in reference 2 regarding the notation

8V - SH; this should read v T’

CONCLUSIONS

The accurate measurements of Hunter, et al., represent a significant
contribution to the literature, and the results should help to provide
further insight into tae scattering mechaniems of complex surfaces. The
following has been learned from the observations tabulated in the
Introduction:

1. For rough seas at near-grazing incidence, fields for transmitting
and receiving horizontal, transmitting and receiving vertical, and trans-
mitting a linear and receiving its orthogonal component are, in essence,
statistically independeat.

2. For seas at near-grazing incidence, the average of O v nearly
always exceeds average of G"mi, because averages for ﬂ"RH/ o’ gy are
shown to be nearly equal tc averages for & HH/ o"'w. In a sense this
is new information, becauss the ratic ¢ HB/ O"yy bad not previcusly been
acquired in a single measurement.

3. For seas at near-grazing incideuce, average G‘HH somstimes exceeds
g average O‘w. This was shown to be 0, because if Ry is greater than
3 & rV? then O is necessarily greater than d’w. It had previously
been observed (on rare occasions) that G“BK exceeds a"w, but conditions
for this anamaly had not been estadlished, except it was known to have
occurred for rough or moderately rough seas. Hunter, et al., found that
when it exists, it consisteatly occurs looking crosswin. and, in general,
] . along the {_ oughs in the waves.

[ , 4, For tress a substantial portion of the echo pewer is in fields

& for transmitting and receiving horizontzl, traasmitting and receiving
verticol, and transmitting and receiving orthogenal linear components

g that are, in cssence, statistically indep ident. However, there is a

mswmmmmmmmwmamh
U
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P

discernibie amount of return from trees for whick fields for transmitting
* and receiving horizontsl and for transmitting and receiving vertical are
| equal both ip amplitude and phase.

« g
LN
e

R

Ry e e Soir

5

A
ootk

F
e,

g &
“ ORi}rmJ.-




12 ONRL-1-67
§ 5. ¥or sirpianes measured by Hunter, et al., instantaneous values of
T a'm and g’w are Lot equal. Since the major scattering surfaces are com-
parable in aize to a wevelsngth or lerger, it would heve been expected that
; C m W Oy are, in general, equal on an instantaneous basis.
i
'
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